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Available online 27 June 2007AbstractTo evaluate the effects of low atmospheric pressure on leaf photosynthesis, we compared the photosynthesis of identical leaves
of Fagus crenata at lowland (0 m a.s.l.) and at highland (2360 m a.s.l.). At the high altitude, the atmospheric pressure and partial
pressure of CO2 at intercellular air spaces in the leaf (Ci360) decreased to 77% and 78% of those at the low altitude, respectively. On
the other hand, the efficiency of photosynthetic CO2-utilization was apparently higher at the high altitude because of a mitigation of
the O2-inhibition of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) under low ambient partial pressure of O2. This
stimulation of photosynthesis partly compensated a photosynthetic depression due to the low Ci360, and the net assimilation rate
(An360) at the high altitude retained 94% of the value at the low altitude. A theoretical model indicated that the stimulation of pho-
tosynthesis at high altitudes depend on internal conductance (gi) and/or on Rubisco content. The model demonstrated that low at-
mospheric pressure at high altitudes caused severe restrictions of photosynthesis when leaves had a small gi and/or a large amount
of Rubisco, whichever are repeatedly reported in alpine plants.
 2007 Elsevier B.V. and NIPR. All rights reserved.
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What effects does low atmospheric pressure have on
leaf photosynthesis of alpine plants? It has been repeat-
edly emphasized that photosynthesis would be sup-
pressed at high altitude because of the low partial
pressure of CO2, which is proportional to the* Corresponding author.
E-mail address: sakata@clas.kitasato-u.ac.jp (T. Sakata).
1873-9652/$ - see front matter  2007 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2007.02.001atmospheric pressure (Decker, 1959; Billings et al.,
1961; Mooney et al., 1966; Friend and Woodward,
1990). On the other hand, the majority of photosynthe-
sis research on mountain plants revealed relatively high
photosynthetic rates measured at high elevations (re-
viewed by Ko¨rner and Diemer, 1987).
It has been claimed that large amounts of photosyn-
thetic proteins in leaves of the alpine plants contribute
to overcoming the photosynthetic suppression due to
the low partial pressure of CO2 (Ko¨rner, 1989). Inreserved.
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pressure of O2 in the alpine atmosphere has been
pointed out; Terashima et al. (1995) predicted that
the mitigation of the O2-inhibition of ribulose-1,5-bi-
sphosphate carboxylase/oxygenase (Rubisco), a key
enzyme of photosynthesis, would stimulate photosyn-
thesis at higher altitudes, and partly compensate the
photosynthetic suppression due to the low partial
pressure of CO2. Furthermore, Sakata and Yokoi
(2002) explained, using a model of the leaf-level
photosynthesis, that this stimulation was substantially
reduced when the diffusion conductance of CO2
from intercellular spaces to Rubisco (internal conduc-
tance; gi) was small. In the case of plants growing at
high altitudes, small values of gi were reported (Ko-
gami et al., 2001; Sakata and Yokoi, 2002). The trend
of changes in carbon isotope composition with altitude
(Ko¨rner et al., 1988) also suggested a small diffusion
conductance of leaves in plants growing at high alti-
tudes (Terashima et al., 1995). Therefore, the contri-
butions of gi should be quantified in evaluating the
effects of low atmospheric pressure on leaf photosyn-
thesis at high altitudes. However, there have been
neither direct observations of the effects of low atmo-
spheric pressure on leaf photosynthesis nor evalua-
tions of the effects along altitudes taking possible
effects of gi into consideration.
In this study, we experimentally quantified the
effects of low atmospheric pressure on leaf photosyn-
thesis using identical leaves at low and high altitudes.
The purposes of this study were (1) to identify the pho-
tosynthetic suppression and stimulation independently
as a result of low CO2 and O2 partial pressures at high
altitude, and (2) the evaluation of the effects of small
gi values on leaf photosynthesis along altitudes by a
theoretical model.
2. Material and methods
To measure gas exchanges of leaves at the different
altitudes, branches of Fagus crenata Blume were col-
lected from the forest canopy near the top of Mt. Mikuni
(35 240N, 138 550E, 1150 m a.s.l.; Yamanashi prefec-
ture in Japan) on 2 and 4 September, 1997 at around
30 min after sunrise. After cutting the stem in water at
about 10 cm from the base of the leaf blade, the leaves
were fed deionized water, and were quickly transported
to the experimental sites in dark containers.
Gas exchanges were measured by a portable photo-
synthesis system (LI-6400, Li-Cor, Lincoln, Neb.) at
the high altitude (35 200N, 138 440E, 2360 m a.s.l.;
the foothills of Mt. Fuji in Japan) until noontime onthe day of the sampling. The CO2 assimilation rate
(An, mmol m
2 s1) and stomatal conductance to water
vapor (gs, mol m
2 s1) of the leaves were measured
under light saturation (1000 mmol m2 s1 PPFD).
The CO2 concentration of the air entering the chamber
was maintained at 360 mmol mol1 and leaf tempera-
ture at 25  0.5 C. Then, the assimilation rate was
measured under various ambient CO2 concentrations
to obtain the AneCi relationship. The CO2 concentra-
tion was reduced stepwise, allowing 3e5 min for equil-
ibration at each CO2 concentration.
Subsequently, identical leaves were transported to
the low altitude (35 050N, 138 510E, 0 m a.s.l.; Nu-
mazu City in Japan) and were used for similar measure-
ments on the day following the sampling. This
measurement was also done in reverse order (highland
to lowland, n ¼ 3; lowland to highland, n ¼ 5). The ni-
trogen content of leaf was determined with an NC ana-
lyzer (Sumigraph NC900, Sumika Chemical Analysis
Service, Tokyo, Japan).
Comparisons of all measured parameters between
low and high altitudes were tested using a Wilcoxon
signed rank test (StatView Ver. 4.54, Berkeley, CA,
USA). Significant differences for any measured param-
eter were determined as significant at the p ¼ 0.05
level.
3. Models
According to the model by Farquhar et al. (1980),
when photosynthesis is limited by carboxylation of
RuBP by Rubisco, the rate of net photosynthesis, An
(mmol m2 s1), can be written as:
An ¼ EðVC 0:5VOÞ Rd
¼ E

VCmaxCe
CeþKCð1þOe=KOÞ
0:5 VOmaxOe
OeþKOð1þCe=KCÞ

,
1
60
Rd ð1Þ
where VC and VO (mmol mg Rubisco
1 s1) are the ve-
locities of carboxylation and oxygenation, VCmax and
VOmax (1.77 and 0.58 mmol mg Rubisco
1 min1, re-
spectively) are their maximum rates, KC and KO (8.0
and 335 mM, respectively) are Michaelis constants for
CO2 and O2 (Table 1). Kinetic parameters of Rubisco
used in the present calculations were determined from
rice by Makino et al. (1988). Ce and Oe (mM) are CO2
and O2 concentrations at Rubisco, respectively. Rd
(mmol m2 s1) and E (mg m2) represent the dark res-
piration rate under light conditions and the content of
activated Rubisco, respectively.
Table 1
Abbreviations and symbols used, their units and values
Symbol Units Definition
An mmol m
2 s1 Net assimilation rate
An0 mmol m
2 s1 Y intercept of AneCi relationship
An360 mmol m
2 s1 An under 360 mmol CO2 mol
1 and 0.21 mol O2 mol
1
Ci Pa Partial pressure of CO2 at intercellular air spaces
Ci* mM CO2 concentration in the liquid phase equilibrated with Ci
Ci360 Pa Ci under 360 mmol CO2 mol
1 and 0.21 mol O2 mol
1
Ce mM CO2 concentration at Rubisco
CE mmol m2 s1 Pa1 Initial slope of AneCi relationship
E mg m2 Content of Rubisco
gs mol m
2 s1 Stomatal conductance
gs360 mol m
2 s1 gs under 360 mmol CO2 mol
1 and 0.21 mol O2 mol
1
gi mmol m
2 min1 mM CO2
1 Diffusion conductance of CO2 from intercellular spaces to Rubisco (internal conductance)
KC mM Michaels constant of Rubisco for CO2 (8.0 at 25
C)
KO mM Michaels constant of Rubisco for O2 (335 at 25
C)
KS CO2/O2 specificity of Rubisco
Oe mM CO2 concentration at Rubisco
Rd mmol m
2 s1 Dark respiration rate in light (0.1 mmol mol1 Rubisco)
VC mmol (mg Rubisco)
1 s1 Velocity of carboxylation
VCmax mmol (mg Rubisco)
1 min1 Maximal carboxylation rate (1.77 at 25 C)
VO mmol (g Rubisco)
1 s1 Velocity oxygenation
VOmax mmol (mg Rubisco)
1 min1 Maximal oxygenation rate (0.58 at 25 C)
VPD kPa Vapor pressure difference between ambient air and intercellular spaces
VPD360 kPa VPD under 360 mmol CO2 mol
1 and 0.21 mol O2 mol
1
G Pa CO2 compensation point
G* Pa CO2 compensation point in the absence of Rd
Kinetic constants of Rubisco were determined from rice by Makino et al. (1988).
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Ce ¼ Ci  60 An
gi
ð2Þ
where Ci* (mM) and gi (mmol m
2 min1 (mM CO2)
1)
are the CO2 concentration in the liquid phase equili-
brated with the partial pressure of CO2 at intercellular
air spaces (Ci) and diffusion conductance of CO2 from
intercellular spaces to Rubisco (internal conductance),
respectively. We assume that the ratio of Ci to partial
CO2 pressure of ambient air is always 0.75 (Yoshie,
1986), while Oe is equilibrated with O2 partial pressure
in ambient air. The concentrations of CO2 and O2 in the
liquid phase are calculated using the solubility at 25 C
according to Edwards and Walker (1983).
According to Pearcy et al. (1989) the atmospheric
pressure, P (kPa), at the altitude Z (m) is calculated as:
P¼ 101:325ð1 0:000022569ZÞ5:2553 ð3Þ
Net photosynthesis under 360 mmol CO2 mol
1 and
0.21 mol O2 mol
1 in ambient air, An360 (mmol m
2
s1), at arbitrary altitudes was calculated by Eqs. (1)e
(3) with given values of E, gi, and the assumption that
Rd is 0.1 mmol mol
1 Rubisco s1.
The initial slope of the AneCi relationship, CE
(mmol m2 s1 Pa1), at arbitrary values of E andgi are calculated by equations from Sakata and Yokoi
(2002) as follows:
CE¼ Ef
0ðG;OeÞ,gi
Ef 0ðG;OeÞ þ gi ð4aÞ
f 0ðG;OeÞ ¼ VCmax
KC þ ð0:5=KSþKC=KOÞOe ð4bÞ
G* (Pa), the CO2 compensation point in the absence of
Rd, was calculated from KS by the following equation
(Laing et al., 1974):
G ¼ Oe
2KS
ð5Þ
where KS represents the CO2/O2 specificity of Rubisco,
namely (VCmax/KC)/(VOmax/KO). The Y intercept of the
AneCi relationship, An0, is calculated as:
An0 ¼CE,G Rd ð6Þ
4. Results
In order to determine the effects of low atmospheric
pressure on leaf photosynthesis, photosynthetic proper-
ties were compared using identical leaves between dif-
ferent altitudes (Table 2 and Fig. 1). Because there were
58 T. Sakata et al. / Polar Science 1 (2007) 55e62no apparent changes in photosynthetic properties even
when the order of the measurements sites was reversed,
datasets are presented in Table 2 and Fig. 1 regardless of
the order. At high altitude, although the atmospheric
pressure and Ci360 similarly decreased to 77% and
78% of those in low altitude, respectively (Table 2),
An360 retained 94% of the value at the low altitude.
Fig. 1 shows the effects of atmospheric pressure on
the AneCi relationship. Mean values of CE measured
at the high altitude increased to 112% of that at the
low altitude, although the difference was not statisti-
cally significant (p ¼ 0.161). An0 was also higher at
the high altitude than that at the low altitude
(p ¼ 0.025). Therefore, the efficiency of photosynthetic
CO2 utilization, namely the net assimilation rate at
a given partial pressure of Ci, was apparently higher
at the high altitude than at the low altitude.
The dependencies of CE on gi and on Rubisco con-
tent were calculated by Eq. (4a,b) at low and high alti-
tudes (Fig. 2a,b). The values of gi have been reported for
various species and most values range from 0.05 to
0.97 mol CO2 m
2 s1 (Loreto et al., 1992, 1994; Lloyd
et al., 1992; Epron et al., 1995; Lauteri et al., 1997;
Scartazza et al., 1998; Hanba et al., 1999, 2004; Kogami
et al., 2001). When expressed in mmol m2 min1 (mM
CO2)
1, these values at 25 C correspond to 89 and
1700 mmol m2 min1 (mM CO2)
1, respectively. In
the calculation for CE, we used this rage of gi in addi-
tion to the infinite value. The Rubisco content was
also reported for many species (for a review see Evans
and Seemann, 1989). In herbaceous plants growing at
high altitude, the Rubisco content has been reported
ranging from 1.1 to 3.6 g m2 (Sakata and Yokoi,
2002; Sakata et al., 2006a,b). In the calculation for
CE, we used this range of Rubisco content.
Although the value of CE increased in proportion to
the Rubisco content when gi was assumed to be infinite,Table 2
Comparison of leaf photosynthesis between low (0 m a.s.l.) and high (2360
Low altitude High
Atmospheric pressure (kPa) 100.0  0.3 76
CE (mmol m2 s1 Pa1) 0.134  0.025 0.15
An0 (mmol m
2 s1) 2.21  0.30 1.8
An360 (mmol m
2 s1) 1.92  0.56 1.8
Ci360 (Pa) 31.4  1.1 24
gs360 (mol m
2 s1) 0.090  0.032 0.10
VPD 360 (kPa) 1.01  0.12 1.0
Values are mean  SD. Relative values indicate the percentages of the mea
nitrogen was 0.81  0.14 g m2. CE and An0 represent initial slope and Y
VPD360 represent net assimilation rate, partial pressure of CO2 at intercel
360 mmol mol1 ambient CO2 concentration, 25  0.5 C leaf temperature
significance tested by Wilcoxon signed rank test: ns, not significant, p > 0.0this increase was suppressed more strongly at lower gi
(Fig. 2a). The relative value at the high to low altitudes
was a constant (1.13), regardless of the content of Ru-
bisco when gi was assumed to be infinite (Fig. 2b).
The relative values were suppressed more strongly at
lower gi and at larger Rubisco content.
The dependency ofAn0 ongi andRubisco contentwere
also calculated from Eq. (6) with the atmospheric pres-
sures at the low and high altitudes (Fig. 3a,b). The value
of An0 was lowered linearly with increase in the content
of Rubisco when gi was assumed to be infinite (Fig. 3a).
The slope of decline of An0 with increasing Rubisco
content was lower with decreasing gi. Regardless of the
gi and Rubisco content, the relative values at the high to
low altitudes ranged from 0.83 to 0.87 (Fig. 3b).
To evaluate the effect of the low atmospheric pres-
sure on photosynthetic assimilation rate, An360 was cal-
culated and shown in Fig. 4. The relative values of An360
equally decreased with increasing altitude regardless of
Rubisco content (0.90 at 2360 m a.s.l.), when gi was as-
sumed to be infinite. With decreasing gi, the relative
values at high altitudes were suppressed more strongly.
The severe suppressions in the relative values occurred
at large Rubisco contents.
5. Discussion
The apparent changes in the AneCi relationship with
altitude were determined based on the comparison of
leaf photosynthesis between high and low altitudes us-
ing identical leaves. Based on the model we confirmed
that the steep initial slope and high value of the Y inter-
cept of the AneCi relationship at high altitude leads to
increase in the efficiency of photosynthetic CO2 utiliza-
tion, although the difference in the measured initial
slope was not statistically significant (Fig. 1). This
increase in the efficiency was consistent with them a.s.l.) altitudes using identical leaves of Fagus crenata Blume
altitude Relative value (%) Significance
.8  0.2 77
0  0.025 112 ns
0  0.30 82 *
1  0.30 94 ns
.4  0.7 78 *
9  0.042 121 ns
8  0.13 107 ns
n values at high altitude to those at low altitude. The amount of leaf
intercept of AneCi relationship, respectively. An360, Ci360, gs360, and
lular air spaces, stomatal conductance, and vapor pressure deficit, at
, and light saturation (1000 mmol m2 s1 PPFD). Asterisks indicate
5; *p < 0.05.
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Fig. 1. The comparison of net photosynthesisepartial pressure of
CO2 at intercellular spaces of leaf (AneCi) relationship between
low (0 m a.s.l.) and high (2360 m a.s.l.) altitudes using identical
leaves of Fagus crenata Blume. Closed and open symbols indicate
measurements at low and high altitudes, respectively. Net photosyn-
thesis at 360 mmol mol1 ambient CO2 concentration is presented by
triangles. The values of slopes and Y intercepts are shown in Table 2.
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Fig. 2. (a) The effects of gi (internal conductance) and Rubisco con-
tent on CE (initial slope of AneCi relationship) calculated by Eq.
(4a,b). CE was calculated at a leaf temperature of 25 C and under
101 kPa atmospheric pressure. The kinetic constants of Rubisco
were obtained with Rubisco purified from leaves of rice (Makino
et al., 1988). The solubility of gases is calculated according to
Edwards and Walker (1983). Each line represents the relationship be-
tween Rubisco content and CE depending on gi (mmol CO2 m
2
min1 (mM CO2)
1). (b) Each line represents the relationship be-
tween Rubisco contents and CE at high altitude (77 kPa atmospheric
pressure) relative to low altitudes (101 kPa).
59T. Sakata et al. / Polar Science 1 (2007) 55e62predictions, whereby low atmospheric pressure would
stimulate photosynthesis caused by a mitigation of the
O2 inhibition of Rubisco under low O2 partial pressure,
as reported in recent studies (Terashima et al., 1995;
Sakata and Yokoi, 2002). Because the increase in the ef-
ficiency partly compensated the photosynthetic depres-
sion due to the low CO2 partial pressure, the changes
in the AneCi relationship due to low atmospheric pres-
sure cannot be ignored for any quantitative analysis of
photosynthesis in alpine plants.
In addition to the comparative experiment above, our
simulation analysis also showed a steep initial slope
(relative values above 1 in Fig. 2b) and high Y intercept
(relative values below 1 in Fig. 3b) for the AneCi rela-
tionship at high altitude, and showed that low atmo-
spheric pressure stimulates leaf photosynthesis by an
increase in photosynthetic CO2 utilization efficiency.
Sakata and Yokoi (2002) pointed out that when leaves
have small gi values, the effect of photosynthetic stim-
ulation under low atmospheric pressure substantially
decreased because of less O2 dependency of leaf photo-
synthesis. The current study also demonstrated that the
initial slope only slightly increased at high altitude
when leaves have small gi values and a large amount
of Rubisco (Fig. 2b).
Fig. 3a indicates that a small gi leads to a decrease
in An0, in addition to a decrease in CE shown inFig. 2a. The difference between the partial pressure
of CO2 at Rubisco and Ci increases with a decrease
in gi, and the partial pressure of CO2 at Rubisco is
higher than Ci when a leaf emits CO2 at Ci below
G. Thus, the partial pressure of CO2 at Rubisco is
relatively higher at small gi than at large gi when
Ci is below G. This could be a reason why small
gi leads to a decrease in An0 and the oxygenation
reaction of Rubisco is restricted by the relatively
high partial pressure of CO2 at Rubisco.
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Fig. 3. (a) The effects of gi (internal conductance) and Rubisco con-
tent on An0 (Y intercept of AneCi relationship) calculated by Eq. (6).
An0 was calculated with identical parameters in Fig. 2 and the as-
sumption in which Rd is 0.1 mmol mol
1 Rubisco s1. Each line rep-
resents the relationship between Rubisco content and An0 depending
on gi (mmol CO2 m
2 min1 (mM CO2)
1). (b) Each line represents
the relationship between Rubisco content and An0 at high altitude
(77 kPa atmospheric pressure) relative to low altitudes (101 kPa).
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Fig. 4. Effects of low atmospheric pressure on An360 (net photosyn-
thesis under 360 mmol CO2 mol
1 in ambient air) of leaves contain-
ing 1.0, 2.0, 3.0 g m2 Rubisco. An360 was calculated with identical
parameters in Fig. 2 and the assumptions in which the ratio of Ci to
CO2 in ambient air is always 0.75 (Yoshie, 1986) and Rd is 0.1 mmol
mol1 Rubisco s1. The atmospheric pressure was calculated by Eq.
(3). Each line represents a variety of An360 depending on gi (internal
conductance; mmol CO2 m
2 min1 (mM CO2)
1).
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ata, was reported (100 mmol m2 s1 ¼ 177 mmol m2
min1 (mMCO2)
1 at 25 C) by Epron et al. (1995), and
it is close to those reported for broad leaved deciduous
trees (see review in Terashima et al., 2005). The Ru-
bisco content in leaves using the current experiment
could be estimated to 1.0 g m2 from the amount of
leaf nitrogen (0.81 g m2), assuming that the allocation
ratio of leaf nitrogen to Rubisco was 20% in C3 sun
plants (Evans and Seemann, 1989), and also assuming
that the N concentration in Rubisco was 16% (Field
and Mooney, 1986). When the above values of gi
(177 mmol m2 min1 (mM CO2)
1) and Rubiscocontent (1.0 g m2) were used for the estimations of
photosynthesis at the high altitude, the relative value
of CE and An0 were calculated as 108% and 84%, re-
spectively. These estimations were consistent with the
observed relative values (112% and 82%, respectively,
in Table 2), although the CE at low altitude
(0.134 mmol m2 s1 Pa1) was not consistent with an
estimation (0.389 mmol m2 s1 Pa1).
Fig. 1 shows that the individual measurements of
An360 vary more widely at low attitude than at high alti-
tude and the lowest measurement (An360 ¼ 1.1 mmol
m2 s1; the bottom of the closed triangles in Fig. 1)
seems to differ from the other measurements at low al-
titude, although we could not specify the cause. When
61T. Sakata et al. / Polar Science 1 (2007) 55e62the lowest measurement at low altitude was omitted, the
relative value of An360 at high altitude was 88% and
seems to be consistent with the prediction of An360
(84%) using the above values of gi (177 mmol m
2
min1 (mM CO2)
1) and Rubisco content (1.0 g m2).
The values of gi reported in the literature appear to
differ depending on plant functional types (see review
in Terashima et al., 2005). gi values are larger in annual
herbaceous plants, ranging from 0.2 to 0.97 mol CO2
m2 s1 (350e1700 mmol m2 s1 (mM CO2)
1 at
25 C) (Loreto et al., 1992, 1994; Scartazza et al.,
1998; Kogami et al., 2001; Sakata and Yokoi, 2002;
Hanba et al., 2004) than in evergreen broad leaved trees,
ranging from 0.05 to 0.2 mol CO2 m
2 s1 (89e
350 mmol m2 s1 (mM CO2)
1 at 25 C (Loreto
et al., 1992; Lloyd et al., 1992; Hanba et al., 1999).
Sakata and Yokoi (2002) found smaller gi (560 mmol
m2 s1 (mM CO2)
1) in leaves of herbaceous plants
growing at high altitudes than in those at low altitude
(1280 mmol m2 s1 (mM CO2)
1). This low gi value
at high altitude was consistent with the carbon isotope
composition of leaves at high altitudes (Ko¨rner et al.,
1988).
Physically tough leaves, repeatedly reported in al-
pine plants, may invest relatively large resources with-
out photosynthetic apparatus (Reich et al., 1991).
Actually, a large allocation of dry matter to cell walls
under severe conditions (Onoda et al., 2004) and thicker
cell walls at high altitudes (Ko¨rner and Pelaez, 1989)
were reported. The increase in distance from the meso-
phyll surface to the plasma membrane by having thick
cell walls should be effective in decreasing gi because
diffusion of CO2 in water is remarkably lower than
that in air by 104 (Terashima et al., 2005). Thus, the
low gi values in alpine plants would be attributed to
thick mesophyll cell walls providing a resistant physical
structure, although there was still uncertainty because gi
is determined by not only cell wall thickness but also
cumulated surface area of chloroplasts that face the in-
tercellular spaces, and abundance and the state or con-
ductivity of aquaporins (reviewed by Terashima et al.,
2005). Therefore, further investigations about gi are still
necessary to elucidate the mechanisms and ecological
meaning of small gi in leaves of alpine plants.
In addition to small gi, a large amount of leaf nitro-
gen, which has been reported in many alpine plants
(Ko¨rner and Diemer, 1987; Friend et al., 1989; Friend
and Woodward, 1990; Vitousek et al., 1990; Westbeek
et al., 1999; Sakata et al., 2006b), probably contributes
to the large amount of photosynthetic apparatus includ-
ing Rubisco (Sakata et al., 2006b). Therefore, it is sug-
gested that severe restriction of An360 occurs in plantsgrowing at high altitudes by low atmospheric pressure
due to their small gi and large amount of Rubisco
(Fig. 4).
Furthermore, Ko¨rner (1999) pointed out that the par-
tial pressure of Ci in alpine plants drops more with alti-
tude than the external partial pressure. Thus, there is
a possibility that the photosynthetic assimilation rate
in alpine plants is more restricted than relative An360
shown in Fig. 4, which was calculated with a constant
ratio of Ci to partial pressure in ambient air.Acknowledgements
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